Abstract Mosquitoes are the crucial vectors for a number of mosquito-borne infectious diseases i.e. dengue, yellow fever, chikungunya, malaria, Rift Valley fever, elephantiasis, Japanese Encephalitis, and Murray Valley encephalitis etc. Besides, they also transmit numerous arboviruses (arthropod-borne viruses) for example West Nile virus, Saint Louis encephalitis virus, Eastern equine encephalomyelitis virus, Everglades virus, Highlands J virus, and La Crosse Encephalitis virus. The emergence of widespread insecticide resistance and the potential environmental issues associated with some synthetic insecticides (such as DDT) has indicated that additional approaches to control the proliferation of mosquito population would be an urgent priority research. The present review highlights some natural product mosquitocides that are target-specific, biodegradable, environmentally safe, and botanicals in origin.
Introduction
Mosquitoes are the insect of family Culicidae, are crucial vectors for a number of mosquito-borne infectious diseases (Tolle 2009 ) that are maintained in nature through the biological transmission by blood feeding mosquitoes to susceptible vertebrate hosts causing dengue, yellow fever, malaria and filariasis in the American tropics; Rift Valley fever, elephantiasis, Japanese Encephalitis, chikungunya, malaria and filariasis in Africa, Asia and Murray Valley encephalitis in Australia (Karunamoorthi and Tsehaye 2012) . They are also known to transmit numerous arboviruses (arthropod-borne viruses) for example West Nile virus (WNV), Saint Louis encephalitis virus, Eastern equine encephalomyelitis virus (EEE), Everglades virus (EVEV), Highlands J (HJ) virus, La Crosse Encephalitis virus in the United States etc.
Vector control is by far the most successful method for reducing incidences of mosquito born diseases (Aktar et al. 2009 ). The discovery of DDT's and the subsequent development of organochlorines, organophosphates and pyrethroids suppressed natural product research, as the problem for insect control were thought be solved. However, high cost of synthetic pyrethroids, environment and food safety concerns, unacceptability and toxicity of many organophosphates and organochlorines, and a global increase in insecticidal resistance, have argued for stimulated research towards the development of potential insecticides of botanic origin (Severini et al. 1993; Maia and Moore 2011) .
The use of herbal products is one of the best alternatives for mosquito control. The search for herbal preparations and pure compounds that do not produce adverse effects in the non-targeted organisms, along with the benign environmental characteristics, remain a top priority research for scientists associated with the development of alternative vector control measures (Chowdhury et al. 2008a, b) . Many plant species are known to possess biological activity that is frequently assigned to the secondary metabolites (Sah et al. 2010) . Among these, essential oils and their constituents have received considerable attention in the search for new biopesticides (Youssif and Shaalan 2011) . Many of them have been found to possess an array of properties, including insecticidal activity, repellency, reproduction retardation, and insect growth regulation against various mosquito species (Rice and Coats 1994; Isman 2000; Cheng et al. 2004; Traboulsi et al. 2005; Yang et al. 2005 ). The present review covers the entire literature reports on mosquitocidal natural products reported in literature from the 1947 to early 2013 with a sufficient focus on structure activity relationship (SAR) and mechanism of action.
Traditional mosquito repellents and usage custom
Ideally, an insecticide will act rapidly on insects, yet be completely harmless to people, domestic animals, wildlife, and benign to environment. It would also be inexpensive, readily available, chemically stable, nonflammable, safe to use around homes or industrial sites and its residues should last as long as necessary to create the desired effect. It would be easily prepared and applied, non-corrosive and non-staining. Unfortunately, no such synthetic insecticide so far has been developed.
Nearly all synthetic insecticides cause the destruction of soil micro-fauna and flora, low crop yield, undesirable residual accumulation in food crop, and toxicity to non-target organisms such as humans, wildlife, or bees. In human, insecticidal toxicity may range from slight symptoms such as headaches, fatigue, weakness, dizziness, restlessness etc. to severe symptoms like coma, convulsions, or death. The clinical symptoms are often characterized by nervousness, perspiration, nausea, diarrhea, loss of appetite, loss of weight, thirst, moodiness, soreness in joints, skin irritation, eye irritation, irritation of the nose and throat. However, severe or acute poisoning may cause fever, intense thirst, increased breathing, vomiting, uncontrollable muscle twitches, pinpoint pupils, convulsions, inability to breathe, and unconsciousness. Hence, search for the environment friendly, highly selective, newer biodegradable insecticide for insect management programme has been advocated to be essential for last several decades (Grodner 1997) .
In recent years, natural products have received considerable attention as potential bioactive agents for insect vector management. The rising scientific evidences also proved that the plants possess a vast and complex battery of active phytochemicals able to protect from insects. These bioactivities included mainly the stomach poison, feeding deterrent, repellent or growth regulatory effects. So far, only a handful of botanical insecticides have been commercialized, in spite of rich plant resources that occur particularly in tropical countries. However, there is a little other than anecdotal, traditional, or cultural evidence on this topic (Maia and Moore 2011) . The Greek natural philosopher Pliny the Elder (first century AD) recorded all the known pest control methods in 'Natural History'. Perhaps, one of the early plants so recorded as pesticidal material was tobacco. The use of tobacco leaf infusion to kill aphids led to the isolation of the nicotine, an eminent insecticidal alkaloid used worldwide. Currently, numerous nicotinoids have been developed which act on the nicotinic acetylcholine receptor, as does naturally occurring nicotine, but with remarkable effectiveness against insects while being safe for mammals as they are quickly degraded and do not persist in the environment. The chemical investigation of the Japanese plant Rhododendron hortense in 1902 showed rotenone, as the active constituent. In this class of age-old pesticidal plants are species belonging to the genus Chrysanthemum found in Kenya and other highlands in Africa (Todd et al. 2003) , which are the sources of the all purpose insecticidal pyrethrum extract containing pyrethrins as active constituents. In Ayurveda, the plant Azadirachta indica has been described significant for insect control due to the presence of azadirachtin as active constituent. The plant Eucalyptus citriodora is highly cultivated in many subtropical and tropical countries around the world due to its mosquito repellent activity by virtue of p-menthane-3,8-diol (PMD), found in small quantities in the essential oil. The pyrethrins identified from Tanacetum cinerariifolium and T. coccineum are highly effective insecticides that are relatively harmless to mammals. The other natural products like derris, quassia, hellebore, anabasine, d-limonene, camphor, and turpentine were among some important phytochemical insecticides widely used in developed countries (Wood 2003) .
There are several reports from all over the world including African countries that describe the buring of plant materials to drive away mosquitoes. Thirteen percent of rural Zimbabweans use plants (Lukwa et al. 1999 ) while 39 % of Malawians burn wood dung or leaves (Ziba et al. 1994) . Up to 100 % of Kenyans burn plants to repel mosquitoes (Seyoum et al. 2002) , and in Guinea Bissau, about 55 % of people burn plants or hang them in the home to repel mosquitoes (Palsson and Jaenson 1999) . The local communities adapt various methods to repel mosquitoes. Application of smoke by burning the plant parts is one of the most common practices among the local inhabitants. Other types of applications are spraying the extracts by crushing and grinding the repellent plant parts, hanging and sprinkling the repellent plant leaves on the floor etc. The leaf of repellent plant is one of the commonly and extensively used plant parts to repel the insects and mosquitoes, followed by root, flower, and remaining parts of repellent plants. Various traditional repellent plants used by the local inhabitants to avoid mosquito bites have been listed in Table 1 .
Plants with potential mosquitocidal properties
The search for natural and benign environmental mosquiotsides is ongoing worldwide (Kuo et al. 2007; Balandrin et al. 1985; Ghosh and Chandra 2006) . Insecticidal effects of plant extracts vary not only according to plant species, mosquito species and plant parts, but also to extraction methodology (Swain 1977) . A brief delve into the literature reveals that many applied investigations (Medlock et al. 2012; Patel et al. 2012; Perrucci et al. 1997; Lee et al. 2001; Nawamaki and Kuroyanagi 1996) sofar have been made towards biological screening of botanic extracts against a large number of pathogens and arthropods. However, the lack of reviews in concerned area is highly surprising since much of efforts have been invested in locating mosquitocidal phytochemicals from edible crops, ornamental plants, herbs, grasses, tropical and subtropical trees and marine angiosperms. A review by Roark (1947) estimates about 1,200 plant species with a wide spectrum of bioactive insecticides. Similarly, a review by Sukumar et al. (1991) lists about 344 insecticides of botanical origin. Other reviews by Schmutterer (1990) , Mulla and Su (1999) , Ghosh et al. (2012) and Boulogne et al. (2012) could not cover significant topics such as mode and site of action (Ntalli and Menkissoglu-Spiroudi 2011) and joint action of botanical extracts with other phytochemicals and synthetic insecticides. The botanical extracts with promising mosquitocidal effects have been summarized in Table 2 . 
Mode of action
Mode of action of botanicals insecticides is still uncertain and most of the botanicals are under investigation for their mechanisms. Thus, mode of action and site of effect for larvicidal phytochemicals and extracts has received little attention (Shaalan et al. 2005) . Usually insect repellents work by masking human scent, or by using a scent, which insects naturally avoid. The botanical repellents block the lactic acid receptors of mosquitoes thus destroying upwind flight and contact with the host. The warmblooded animals act as an attractive substance for female mosquitoes because lactic acid and other excretory products present in their sweat (Patel et al. 2012) . It is also found that botanical derivatives primarily affect the mid-gut epithelium and secondarily affect the gastric caeca and the malpighian tubules in mosquito larvae. Histopathological effects were observed to differ qualitatively according to their site along the mid-gut and quantitatively according to the concentration assayed, duration of the time and mosquito species used (Rey et al. 1999) . In general, most of the insecticides directly attack on the nervous system of the insects and damage it.
Plants derived mosquitocidal agents
Natural product literature provides a growing research on plant derived mosquitocidal agents. Mosquitoes in the larval stage are attractive targets for pesticides because they breed in water and, thus, are easy to deal with them in this habitat. Some of new significant larvicidal insect growth regulators such as methoprene, pyriproxyfen, diflubenzuron, and endotoxins obtained from Bacillus thuringiensis israelensis and B. sphaericus have been developed. The plant Azardichita indica has gained wide acceptance in some countries as an antifeedant (Isman 1997) . Many of essential oils such as citronella, calamus, thymus, and eucalyptus have been found promising in killing of mosquito larva (Shaalan et al. 2005; Rahuman et al. 2008a; James 1992; Hemingway 2004; Wandscheer et al. 2004) . Hence, this section focused on plants derived natural products with mosquitocidal potentials and categorized under different classes in the following sub headings. In order to highlight any possible mechanism based activity the review has been organized in accordance to chemical classes.
Alkanes, alkenes, alkynes, and simple aromatics
Octacosane (1), a hydrocarbon isolated from Moschosma polystachyum, exhibits significant larvicidal activity against Culex quinquefasciatus mosquito with LC 50 value of 7.2 ± 1.7 mg/L (Rajkumar and Jebanesan 2004) . Among the acetylenic compounds, falcarinol (2) and falcarindiol (3) isolated from Cryptotaenia Canadensis, demonstrate strong activity against Culex pipiens larvae ( Kern and Cardellina 1982; Miyazawa et al. 1996) . The more lipophilic compound 2 exerts strong toxicity than the more polar acetylene 3 with LC 50 values of 3.5 and 2.9 ppm in 24 and 48 h, respectively (Eckenbach et al. 1999 ). The volatile aromatics, 4-ethoxymethylphenol (4), 4-butoxymethylphenol (5), vanillin (6), 4-hydroxy-2-methoxycinnamaldehyde (7), and 3,4-dihydroxyphenylacetic acid (8), isolated from Vanilla fragrans, show very efficient mortality against mosquito larvae. The compounds 4-7 display 100 % larval mortality at 0.5, 0.4, 2.0 and 1.0 mg/mL concentrations, respectively while compound 8 shows 17 % larval mortality at a concentration of 1.0 mg/mL (Sun et al. 2001) . The hexane extract of Delphinium cultorum containing ethylmethylbenzene (9), 1-isopentyl-2,4,5-trimethylbenzene (10), 2-(hex-3-ene-2-one)phenyl methyl ketone (11), E & Z 3-butylidene-3H-isobenzofuran-1-one (12 and 13) and 2-penten-1-ylbenzoic acid (14), exhibits 100 % mortality against Aedes aegypti larvae at 10 mg/mL in 2 h (Miles et al. 2000) .
The trans-asarone (15) isolated from seeds of Daucus carota, shows 100 % mortality of fourthinstar larvae of Aedes aegypti at 200 lg/mL concentration (Momin and Nair 2002) . The compound 16 isolated from rhizomes of Curcuma longa, display 100 % mortality against Aedes aegyptii larvae with LD 100 value of 50 lg/mL in 18 h (Lee et al. 2001) . Similarly, compound 17 isolated from Ocimum sanctum, displays activity against fourth-instar larvae of Aedes aegypti with LD 100 value of 200 lg/mL in 24 h Phytochem Rev (2014) 13:587-627 591 Phytochem Rev (2014) 13:587-627 597 (Kelm and Nair 1998) . The 5-allyl-2-methoxyphenol (18) isolated from seeds of Apium graveolens, exhibit 100 % mortality on fourth-instar Aedes aegypti larvae at 200 lg/mL concentration (Momin et al. 2000) . The trans-anethole (19), methyl eugenol (20) and iso-methyl eugenol (21) isolated from Myrica salicifolia, exhibit 100 % mortality with LD 100 value of 20, 60 and 80 ppm in 24 h against 4th instar larvae of Aedes aegypti (Kelm et al. 1997 ). The stilbenes 22-28 isolated from the root bark of Lonchocarpus chiricanus possess larvicidal activities against Aedes aegypti. Among these, compound 26 exhibits highest activity at 3.0 ppm while 23 and 24 at 6.0 ppm concentration display pronounced affect by kill all the larvae in 24 h. The compounds 22, 25, 27 and 28 at about 50 ppm concentration display moderate activity against larvae of Aedes aegypti (Ioset et al. 2001) . The aromatics, O-methyleugenol (51) and O-methylisoeugenol (52) isolated from stem and root barks of Uvariodendron pycnophyllum, exhibit activity against mosquito larvae with LC 50 value of 43 and 59 ppm in 24 h, respectively (Kihampa et al. 2010 ). Likewise, 2,2-dimethyl-6-vinylchroman-4-one (53) and 2-senecioyl-4-vinylphenol (54) isolated from the roots of Eupatorium betonicaeforme, possess significant moquitosidal properties. The compound 53 shows efficient larvicidal potential causing 84 % larval mortality at 12.5 lg/mL concentrations while 54 displays 40-100 % mortality at 5-100 lg/mL concentrations (Albuquerque et al. 2004 ). The fatty acid constituents, linoleic acid (55), and oleic acid (56) isolated from Dirca palustris, exhibit mosquitocidal activity against fourth instar Aedes aegypti larvae with LD 50 values of 100 lg/mL at 24 h (Ramsewak et al. 2001 ).
Terpenoids

Monoterpenes
The monoterpenoids, thymol (57), cholorothymol (58), carvacrol (59), b-citronellol (60), cinnamaldehyde (61), and eugenol (62) isolated from a number of plant species, possess mosquitocidal activity against forth instar larvae of Culex pipiens with LC 50 values of 37. 95, 14.77, 44.38, 89.75, 58 .97 and 86.22 lg/mL, respectively. The N-methyl carbamate derivatives of 57-60, i.e. 63-66 display high toxicities against forth instar larvae of Culex pipiens with LC 50 values of 7.83, 11.78, 4.54, 15.90 lg/mL, respectively. Likewise, N-methyl carbamate derivatives of geraniol (67) and borneol (68) also exhibit significant activity against forth instar larvae of Culex pipiens with LC 50 values of 24.08 and 33.00 lg/mL, respectively (Radwan et al. 2008 ).
The 1,8-cineole (69) isolated from leaves of Hyptis martiusii displays significant insecticidal effect against Aedes aegypti larvae at 25 (10 %), 50 (53 %), 100 (100 %) mg/mL concentrations (Araujo et al. 2003) . Other monoterpenoids, geranial (70), and neral (71) isolated from Magnolia salicifolia exhibit 100 % mortality with LD 100 value of 100 ppm in 24 h against 4th instar Aedes aegypti (Kelm et al. 1997 ). Cuminaldehyde (72) occurring in plant species, exhibits significant larvicidal and adulticidal toxicity with LC 50 values of 38.94 mg/L in 24 h against Culex pipiens larvae (Zahran and Abdelgaleil 2010).
Sesquiterpenes
The b-selinene (73) isolated from seeds of Apium graveolens shows 100 % mortality against fourthinstar larvae of Aedes aegypti at 50 lg/mL concentrations (Momin et al. 2000) . The pregeijerene (74), geijerene (75), and germacrene-D (76) isolated from leaves of Chloroxylon swietenia, possess activity against Anopheles gambiae, Culex quinquefasciatus and Aedes aegypti. The compound 76 with LD 50 values of 1.8, 2.1 and 2.8 9 10 -3 exerts highest activity followed by 77 (LD 50 values of 3.0, 3.9 and 5.1 9 10 -3 ) while 75 (LD 50 values of 4.2, 5.4 and 6.8 9 10
-3 ) displays lowest activity against Anopheles gambiae, Culex quinquefasciatus and Aedes aegypti (Kiran and Devi 2007) . The sesquiterpene lactones, 77 and 78 isolated from various parts of Magnolia salicifolia exhibit significant toxicity against Aedes aegypti larvae. The lactone 77 with LD 100 value of 15 ppm kills all the mosquito larvae of Aedes aegypti in 24 h while 78 exhibits 100 % mortality with LD 100 value [50 ppm in 24 h (Lee et al. 1971) . The sesquiterpene 78 does not show mosquitocidal activity at 50 ppm, thus suggesting the presence of a double bond rather than an epoxide at C-4 and C-5 in 77 is essential for mosquitocidal activity (Kelm et al. 1997) . The sesquiterpenes, elemol (79), b-eudesmol (80), carotol (81), and patchoulol (82) occurring in plants Amyris balsamifera, and Daucus carota, show [90 % mortality against Culex pipiens pallens at 0.1 mg/mL (Park and Park 2012) . The guanine type sesquiterpenes, 9-oxoneoprocurcumenol (83), and neoprocurcumenol (84) isolated from Curcuma aromatica, exhibit significant toxicity on mosquito larvae of Culex quinquefasciatus (Madhua et al. 2010) . Between the two, the compound 83 exerts significant toxicity (P \ 0.01) on mosquito larvae with LC 50 value of 5.81 ppm and LC 90 being 9.99 ppm compared to 84 with 13.69 and 23.92 ppm of LC 50 and LC 90 values, respectively.
Diterpenes
The diterpenes, 85-87 isolated from Pterodon polygalaeflorus, exhibit significant activity against 4th instar larvae of Aedes aegypti with LC 50 values of 50.08, 14.69 and 21.76 lg/mL, respectively (Omena et al. 2006) . Likewise, hugorosenone (88) isolated from the Hugonia castaneifolia displays larvicidal effect against Anopheles gambiae larvae with LC 50 values of 0.3028 and 0.0986 mg/mL at 24 and 48 h, respectively (Baraza et al. 2008 ).
Triterpenes
The triterpenes, 3b,24,25-trihydroxycycloartane (89) and beddomeilactone (90) isolated from Dysoxylum species (D. malabaricum, D. beddomei etc.) possess strong larvicidal, pupicidal and adulticidal activity. These compounds also affect the reproductive potential of adults by acting as oviposition deterrents (Isman 2006; Elango et al. 2011 ). The compound 89 at a concentration of 10 ppm kills more than 90 % of pupae and 85 % of adult mosquitoes. Similarly, compound 90 at the same concentration results in more than 95 % of pupal and larval mortality and [90 % mortality in case of adult Anopheles stephensi (Nathan et al. 2008 ).
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The compounds, 22,23-dihydronimocinol (91) and desfurano-6R-hydroxyazadiradione (92), isolated from leaves of Azadirachta indica, exhibit significant mortality for fourth instar larvae of Anopheles stephensi with LC 50 values of 60 and 43 ppm, respectively (Siddiqui et al. 2002) . The b-amyrin (93) isolated from stem of Duranta repens display strong activity against first to fourth instars larvae of Culex quinquefasciatus with LC 50 value of 7.75, 16.11, 28.63 and 26.53 ppm, respectively in 24 h (Nikkon et al. 2010) . The ursane-type triterpene saponin 94 isolated from aerial parts of Zygophyllum coccineum, exhibits significant adult mortality of 90 and 80 % against Aedes aegypti and Culex quinquefasciatus at 3.1 and 0.5 lL concentrations, respectively (Amin et al. 2011) . The gymnemagenol (95) isolated from Gymnema sylvestre shows larvicidal against the fourth-instar larvae of Anopheles subpitcus and Culex quinquefasciatus with LC 50 values of 22.99 and 15.92 ppm, respectively (Khanna et al. 2011 ).
Tetranortriterpenoids
The limonin (96), nomilin (97), and obacunone (98), isolated from the seeds of Citrus reticulate (Champagne et al. 1992) , exhibit mosquitocidal activity against fourth instar larvae of Culex quinquefasciatus at a concentration of 59.57, 26.61 and 6.31 ppm, respectively (Jayaprakasha et al. 1997 ). The limonoids 99-101, isolated from the root bark of Turraea wakefieldii show strong larvicidal activity against late third or early fourthinstar larvae of Anopheles gambiae. In SAR, strong activities of 99, 100, and 101 with LD 50 values of 7.83, 7.07, and 7.05 ppm, respectively indicate that the epoxidation of the C-14, C-15 double bond or de-acetylation of the 11-acetate group does not alter the larvicidal activity (Ndungu et al. 2003 The compounds 108-110 isolated from Turraea species (T. wakefieldii, T. floribunda etc.), exhibit toxicity against Anopheles gambiae larvae with LD 50 values of 7.1, 4.0, and 3.6 ppm, respectively (Ndungu et al. 2004 ). Other limonoids calodendrolide (111), harrisonin (112), pedonin (113), and pyroangolensolide (114) isolated from root bark of Harrisonia abyssinica and Calodendrum capense (Kiprop et al. 2005 (Kiprop et al. , 2007 , exhibit toxicity against 2nd instar larvae of Aedes aegypti in the order: 111 (13.2 lm) [114 (16.6 lm) [112 (28.1 lm) [113 (59.2 lm). Also, compound 111 results in 100 % mortality at all concentrations, while 114 shows 100 % mortality up to concentration of 50 lm.
Steroids
The compound stigmasterol (115), isolated from Uvariodendron pycnophyllum and many other plant species, exhibit larvicidal activity at different levels with LC 50 value of 46 ppm in 24 h (Kihampa et al. 2010) . Likewise, b-sitosterol-3-O-b-D-glucoside (116) isolated from Acanthus montanus results in 100 % mortality against adult Aedes aegypti at 1.25 lg/mL concentration (Amin et al. 2012 ).
Alkaloids
Alkamides
The alkamides, undeca-2E-4Zdien-8,10-diynoic acid isobutylamide (117), undeca-2Z,4E-dien-8,10-diynoic acid isobutylamide (118), dodeca-2E, 4Z-dien-8,10-diynoic acid isobutylamide (119), undeca-2E,4Z-dien-8,10-diynoic acid 2-methylbutylamide (120), dodeca-2E,4Z-dien-8,10-diynoic acid 2-ethylbutylamide (121), and a mixture of dodeca-2E,4E,8Z,10E-tetraenoic acid isobutylamide (122) and dodeca-2E,4Z,8Z,10Z-tetraenoic acid isobutylamide (123) isolated from roots of Echinacea purpurea (Clifford et al. 2002) and other species, display significant activity against Aedes aegypti larvae. A mixture of compounds 122 and 123, exert most effective mosquitocidal activity at 100 lg/mL concentration with 87.5 % larval mortality in 15 min while 117 display 100 % mortality at same concentration in 2 h. The alkamides 118 and 119 exhibit 50 % mortality at 100 lg/mL concentration in 9 h while 120 and 121 show least activity with 10 % mortality at 100 lg/mL concentrations in 24 h (Clifford et al. 2002) . Among isobutyl amides, pellitorine (124), guineensine (125), pipercide (126), and retrofractamide-A (127) isolated from Piper nigrum fruits (Park et al. 2002) , exhibit toxicity against Culex Pipiens larvae in the order: 126 (0.004 ppm) [127 (0.028 ppm) [125 (0.17 ppm) [124 (0.86 ppm). These compounds also possess activity against Aedes aegypti larvae in which 127 exerts pronounced activity at a concentration of 0.039 ppm in compared to compounds 126 (0.1 ppm), 125 (0.89 ppm) and 124 (0.92 ppm). The SAR indicates that the N-isobutyl amine moiety might play a crucial role in the larvicidal activity (Greger 1984) , but the methylenedioxyphenyl moiety does not appear essential for toxicity. The compound 128 isolated from Piper longum, exhibits larval toxicity against Culex species with LC 50 values of 0.58 and 1.88 ppm, respectively (Madhu et al. 2011) .
Carbazole alkaloids
Among carbazoles, mahanimbine (129), murrayanol (130), and mahanine (131) isolated from leaves of Murraya koenigii, display promising mosquitocidal activity against Aedes aegypti (Ramsewak et al. 1999b ). The alkaloid 129 exhibits 100 % mortality at 100 lg/mL concentration while 130 and 131 at 12.5 lg/mL concentration display 100 % mortality (Nair et al. 1989; Roth et al. 1998 ).
Naphthylisoquinoline alkaloid
The alkaloid, dioncophylline-A (132) isolated from Triphyophyllum peltatum (Bringmann et al. 1990 ), displays promising activity against different larval stages of Anopheles stephensi with LD 50 values of 0.5, 1.0 and 2.0 mg/L at 3.33, 2.66 and 1.92 h, respectively. In each instar larval stage, the LC 50 values decrease as a function of time indicating that 132 continues to exert its action during at least 48 h (Franqois et al. 1996) .
Piperidine alkaloids
The alkaloid, pipernonaline (133) isolated from fruits of Piper longum exhibits activity against the fourthinstar larvae of Aedes aegypti and Culex pipiens (Lee 2000) in 24 h with LC 50 values of 0.25 and 0.21 mg/L, respectively. Similarly, N-methyl-6b-(deca-l 0 ,3 0 ,5 0 -trienyl)-3-b-methoxy-2-bmethylpiperidine (134) isolated from stem bark of Microcos paniculata, shows significant insecticidal activity against second instar larvae of Aedes aegypti with LC 50 value of 2.1 ppm at 24 h (Bandara et al. 2000) .
Insecticidal activity evaluation of piperidine derivatives 135-167, against female adults of Aedes aegypti following SAR studies (Pridgeon et al. 2007 ) using piperine (E,E)-1-piperoyl-piperidine as standard insecticide (LD 50 value of 8.13 lg per mosquito) reveal that different moieties (ethyl-, methyl-, and benzyl-) attached to the piperidine ring are responsible for different toxicities (i.e. 135, 1.77; 136, 2.74; 137, 8.76; 138, 1.20; 139, 1.09; 140, 1.13; 141, 4.14; 142, 1.92; 143, 2.07; 144, 1.80; 145, 4.90; 146, 4.25; 147, 2.63; 148, 6.71; 149, 1.22; 150, 1.67; 151, 0.94; 152, 1.56; 153, 1.83; 154, 0.84; 155, 29.20; 156, 14.72; 157, 19.22; 158, 12.89; 159, 0.80; 160, 1.38; 161, 3.59; 162, 1.32; 163, 2.07; 164, 7.43; 165, 1.54; 166, 2.72 , and 167, 14.72 lg) against Aedes aegypti (Pridgeon et al. 2007 ).
The 3-methylpiperidines 141-144 exhibit slightly lower toxicities than that of 2-methyl-piperidines 135-140 with LD 50 values ranging from 1.80 to 4.14 lg. However, there is no significant difference found between the toxicities of 3-methyl piperidines 141-144 and 4-methyl piperidines 145-149, whose LD 50 values range from 1.22 to 6.71 lg while the saturated long chain derivatives of 4-methyl-piperidine 145 and 148 show lower toxicity compared to others with LD 50 values of 4.90 and 6.71 lg, respectively (Pridgeon et al. 2007 ). Further, SAR among the piperidines with two different moieties (ethyl-and benzyl-) attached to the carbons of the piperidine ring indicates that 2-ethyl-piperidines 150-154 show higher toxicity than the benzylpiperidines (155-158) with LD 50 values ranging from 0.84 to 1.83 and 12.89-29.20 lg, respectively. The results of SAR suggest that ethyl-piperidines generally exhibit higher toxicities than methyl, followed by benzyl-piperidines whose toxicities are lowest.
Among 1-undec-10-enoyl-piperidines 156-161 having three different moieties at the second carbon of the piperidine ring, the compound 159 displays highest toxicity with LD 50 value of 0.80 lg, compared to 160 (LD 50 value of 1.38 lg) and 161 (LD 50 value of 3.59 lg). Similarly, among compounds 162-164 containing three different moieties attached to the third carbon of the piperidine ring, the compound 162 exhibits highest toxicity (LD 50 value of 1.32 lg), followed by 163 and 164 with LD 50 values of 2.07 and 7.43 lg, respectively. Likewise, among compound 165-167 bearing three different moieties attached to the fourth carbon of the piperidine ring, the compound 165 shows highest toxicity (LD 50 value 1.54 lg), following 166 (LD 50 value 2.72 lg) and 167 (LD 50 value 14.72 lg) (Pridgeon et al. 2007 ).
Stemona alkaloids
The Stemona alkaloids, stemocurtisine (168), stemocurtisinol (169), and oxyprotostemonine (170) Phytochem Rev (2014) 13:587-627 611 isolated from roots of Stemona curtisii, exhibit potency against mosquito larvae Anopheles minimus with LC 50 values of 18, 39, and 4 ppm, respectively. Among these, 170 show highest potency with LC 50 value of 4 ppm (Mungkornasawakul et al. 2004 ).
Carboline alkaloids
The 1,3-substituted b-carboline derivatives 171-186 related to harmine (a natural insecticide isolated from Peganum harmala) (Zeng et al. 2010) , show significant cytotoxicity against fourth instar larvae of Culex pipiens quinquefasciatus.
The results show that compound 1-phenyl-1,2,3,4-tetrahydro-b-carboline-3-carboxylic acid (172) and methyl 1-phenyl-b-carboline-3-carboxylate (183) 
Naphthoquinones
The cordiaquinones, 187-190 isolated from the roots of Cordia curassavica, show toxicity against yellow fever-transmitting Aedes aegypti larvae. The quinones 187 and 189 with 25.0 lg/mL concentrations result in 100 % larval mortality while 188 and 190 with 12.5 lg/mL concentrations kill all the Aedes aegypti larvae in 24 h (Ioset et al. 2000) . Likewise, the compounds 191-193 isolated from the roots of Cordia linnaei, exhibit larvicidal potency against Aedes aegypti at 12.5, 50.0 and 25.0 lg/mL concentrations, respectively (Ioset et al. 1998) . The naphthoquinone, plumbagin (194) isolated from Plumbago zeylanica (Kishore et al. 2010 ) and other plant species (Mishra et al. 2010a; Mishra and Tiwari 2011) exhibit larvicidal activity against Anopheles gambiae with LC 50 value of 1.9 lg/mL (Maniafu et al. 2009; Adikaram et al. 2002) .
The compound lapachol (195) and its synthetic derivatives (196) (197) (198) (Ribeiro et al. 2009) Some other naphthoquinones (209-213) isolated from Plumbago capensis, display a varying degrees of mosquitocidal potentials i.e. LC 50 value ranging from 1.26 to 40.66 lg/mL against fourth instar larvae of Aedes aegypti. Among these the compound 210 exhibits strongest activity (IC 50 = 1.26 lg/mL) against larvae of Aedes aegypti (Sreelatha et al. 2010) while compound 209 and 210 exhibit moderate larvicidal activity. The shikonin (214) isolated from Lithospermum erythrorhizon (Chen et al. 2003) , alkannin (215) from root of Alkanna tinctoria (Urbanek et al. 1996) and shikalkin (216) from the stems of Lithospermum officinale (Haghbeen et al. 2006) , display toxicities against mosquito larvae. The quinone 214 at a concentration of 3.9 mg/L show high toxicity against mosquito larvae followed by 216 and 215 at 8.73 and 12.35 mg/L concentrations, respectively. The SAR studies indicate that the naphthoquinones compared to other natural compounds, are very toxic against mosquito larvae and would be a potential source of natural larvicidal substances (Michaelakis et al. 2009 ). However, it is difficult to discuss the SAR criteria responsible for the mosquitocidal activities in this set of compounds, presence of reduced quinine ring (ring B), hydroxyl group at C-4 and methyl group at C-3 appears to be important in imparting the mosquitocidal activity compared to others.
Coumarins
The coumarin, pachyrrhizine (217) isolated from Neorautanenia mitis possess significant activity with LC 50 value of 0.007 mg/mL against adult mosquitoes of Anopheles gambiae. Similary, marmesin (218) isolated from Aegle marmelos exhibits toxicity against Anopheles gambiae adults with LC 50 and LC 90 values of 0.082 and 0.152 mg/L, respectively (Joseph et al. 2004 ). Other coumarins 219-231 isolated from Cnidiummon nieri fruit , show insecticidal activity against susceptible Culex pipiens pallens and Aedes aegypti larvae. The imperatorin (228) (LC 50 = 2.88 mg/L) shows 2.4, 4.5 and 4.6 times more toxicity than isopimpinellin (229), isoimperatorin (230), and osthole (225), respectively. The angelicin (231), psoralen (224), 7-ethoxycoumarin (222), herniarin (221), and xanthotoxin (226) exhibit moderate toxicity with LC 50 values ranging from 22.84 to 39.35 mg/L . The limettin (223), bergapten (227) and coumarin (219) display moderate toxicity (LC 50 = 57.03-73.95 mg/L) while umbelliferone (220) exibits lowest toxicity with LC 50 value of 132.65 mg/L. The SAR study indicates that the chemical structure, alkoxy substitution, and length of the alkoxyl side chain at C-8 position are essential for imparting toxicity.
Some other monobromo and tribromo derivatives of 4-methyl-7-hydroxy coumarin (232-235) (Deshmukh et al. 2008) , exhibited insecticidal activity Culex quinquefasciatus and Aedes aegypti. Among these, compound 3,6,8-tribromo-7-hydroxy4methyl-chromen-2-one (232) displays most potent activity with LC 50 value of 1.49 and 2.23 ppm against fourth instar larvae of Culex quinquefasciatus and Aedes aegypti, respectively. It shows 100 % larval mortality at a concentration of 25 ppm against Aedes aegypti, and at 10 ppm concentration causes complete lysis of Culex quinquefasciatus larvae. The 3,6,8-tribromo-4-methyl-2 0 -oxo-2H-chromen-7-yl acetates 232 and 233 show remarkable ovicidal activity and cause significant reduction of 80-85 % hatching in eggs of Culex quinquefasciatus and Aedes aegypti at 100 ppm concentrations.
The hatched larvae show 100 % mortality in the successive instars. The compounds 3-bromo-7-hydroxy-4-methyl-chromen-2-one (234) and 3-bromo-4-methyl-2 0 -oxo-2H-chromen-7-yl acetate (235), exhibit moderate activity against both mosquito species i.e. 
Phenylpropanoid
The phenylpropanoid dillapiol (238) isolated from leaves of Piper aduncum and its semi-synthetic derivatives 239-251 (Pinto et al. 2012) , show lethality against adults of female Aedes aegypti. The metabolites 238 and 239 exhibit 100 % mortality at 0.57 lg/cm 2 surface density after 45 min. The compounds 241-243 exert 80-98 % lethalities against female adults of Aedes aegypti after 90 min additionally, dillapiol oxide (245) kills about 51 % and acetonide 247 kills 29 % of mosquitoes after 90 min of exposure. Other dillapiols 248-251 possess low mortality (4-11 %) against these mosquito species. The SAR study suggests that C-3 side chain is important for the toxic effects of these substances 
Flavonoids and isoflavonoids
The isoflavonoids, neotenone (252), and neorautanone (253) isolated from Neorautanenia mitis, display activity against adults of Anopheles gambiae with LD 50 values of 0.008 and 0.009 mg/mL, respectively (Puyvelde et al. 1987) . The flavonoids, poncirin (254), rhoifolin (255) and naringin (256) 0 -trihydroxy-6,4 0 -dimethoxy flavone-7-O-glucoside (259) isolated from Acanthus montanus exhibit mosquitocidal activity against adult Aedes aegypti at a concentration 1.25 lg/mL (Amin et al. 2012 ).
Pterocarpans
The pterocarpans, neoduline (260), 4-methoxyneoduline (261), and nepseudin (262) isolated from tubers of Neorautanenia mitis, exhibit mosquitocidal activity against Anopheles gambiae and Culex quinquefaciatus larvae with LD 50 values 0.005, 0.011 and 0.003 mg/mL, respectively (Joseph et al. 2004; Breytenbach and Rall 1980 (Anstrom et al. 2012 ).
The zingiber metabolites, 4-gingerol (268), 6-dehydrogingerdione (269), and 6-dihydrogingerdione (270) isolated from rhizomes of Zingiber officinale, exhibit larvicidal activities against fourth instar larvae of Aedes aegypti with LC 50 values of 4.25, 9.80, and 18.20 ppm, respectively. These metabolites also display larvicidal activity against Culex quinquefasciatus with LC 50 values of 5.52 (268), 7.66 (269), 27.24 (270) ppm (Rahuman et al. 2008a ). The shikimic acid (271), protochatecuic acid (272), and acetoside (273) isolated from Acanthus montanus, show 40 % mosquitocidal activity against Aedes aegypti adult at a concentration 1.25 lg/mL while 270 exhibit 70 % mosquitocidal activity at a concentration 1.25 lg/mL (Amin et al. 2012 ).
Lignans
The lignans, conocarpan (274), eupomatenoid-5 (275), eupomatenoid-6 (276), and decurrenal (277) isolated from Piper decurrens possess significant mortality at 10 lg/mL concentrations against mosquito larvae (Chauret et al. 1996) . Similarly, compound leptostachyol acetate (278) and 8 0 -acetoxy-2,2 0 ,6-trimethoxy-3,4,4 0 ,5 0 -dimethylenedioxyphenyl-7,7 0 -dioxabicyclo-[3.3.0]octane (279) isolated from the roots of Phryma leptostachya asiatica, exhibit insecticidal activity against third instar larvae of Culex pipiens pallens, Aedes aegypti and Ochlerotatus togoi. Among these, compound 279 shows relatively weak insecticidal activity while compound 278 with LC 50 values of 0.41, 2.1, and 2.3 ppm exhibits strong activity against Culex pipiens pallens, Aedes aegypti, and O. togoi, respectively (Park et al. 2005) .
Other lignans i.e. phrymarolin-I (280), haedoxane-A (281), and haedoxane-E (282) isolated from Phryma leptostachya, show high larvicidal activity against fourth instar larvae of Culex pipiens pallens at 24 h with LC 50 values of 1.21, 0.025, and 0.15 ppm, and LC 90 values of 5.03, 0.085 and 0.37 ppm, respectively (Xiao et al. 2012 ).
Rotenoids
The compounds deguelin (283), 12a-hydroxy-a-toxicarol (284), tephrosin (285), a-toxicarol (286), and 6a, 12a-dehydro-a-toxicarol (287) isolated from roots of Tephrosia toxicaria (Vasconcelos et al. 2009 ), show larvicidal activity against Aedes aegypti with LC 50 of 3.38 ± 2.02, 3.22 ± 1.37, 6.31 ± 0.69 and 24.55 ± 0.13 ppm, respectively. The metabolite 287 displays weaker activity than 283-286 with LC 50 [ 50 ppm. The SAR study indicates that the presence or absence of the double bond between C-6a and C-12a is responsible for difference in toxicity (Vasconcelos et al. 2012) .
Phytochem Rev (2014) 13:587-627 619 Mosquitocides from microorgainsms An algal metabolite caulerpin (288), isolated from Caulerpa racemosa, shows larvicidal activity against second, third and fourth instar larvae of Culex pipiens mosquito with LC 50 of 1.42, 1.81, 1.99 ppm, respectively. Likewise, caulerpinic acid (289) isolated from same plant species, exhibits activity with LC 50 of 3.04, 3.90, and 4.89 ppm against second, third and fourth instar larvae, respectively (Alarif et al. 2010 ).
Conclusive remarks
Our ancestors exclusively depended on the use of plantderived products to repel or kill mosquitoes and other blood-sucking insects. Modern synthetic chemicals could provide immediate results for the control of insects/ mosquitoes; on the contrary, they bring irreversible environmental hazard, severe side effects, and pernicious toxicity to human being and beneficial organisms. These often contain N,N-diethyl-m-methylbenzamide (DEET), ethyl 3-[(acetyl)(butyl)amino]propanoate (IR3535), and icaridin (RS)-sec-butyl-(RS)-2-(2-hydroxyethyl)piperidine-1-carboxylate, as synthetic actives that are often prone to controversial matters due to their potential toxicity. Despite its great protection efficacy, DEET for instance, has been implicated in severe neurotoxicity factors in humans. In addition, they are too expensive for the poors farmers in the developing countries. On the other hand, plant-based products are cheap and biodegradable and are therefore environmentally friendly. In poor countries, it would be more expensive to use the plant extracts or the pure constituents than the plant powder or dust in large-scale field applications. Crude extracts can however be cheaply used if a readily available solvent such as water is the solvent of choice. Use of extracts also allows for easy dosage calculation and spraying applications, which need to be done repeatedly due to high volatility of plantbased pesticidal products. The efficacy of such products can be enhanced by bioassay-guided fractionation, which is known to concentrate activity and promote synergism between structurally related constituents.
As revealed in this review that the screening of mosquitocidal potencial by the isolation of natural products seems to be an attractive approach, which can result in the efficient elucidation of new lead compounds. Thus, it will serve as useful guides in the collection of plants for laboratory and field research studies. Obviously, in large-scale field utilization of botanic agricultural chemicals there must be adequate and constant supply of candidate plants to the areas in need. This means that since plants grow well usually in areas of natural habitat effort should be made to invest in large-scale cultivation of such plants in their various localities, as is the practice in China, Japan, and Kenya. This will be of great economic advantage to the developing countries as such programmes can lead to economic empowerment of the poor farmers and ultimately improve the economies of these countries.
